Abstract: Fifteen earthquakes (M w 4.1-6.4) occurring at ten major segments of the Sumatran Fault Zone (SFZ) were analyzed to identify their respective fault planes. The events were relocated in order to assess hypocenter uncertainty. Earthquake source parameters were determined from three-component local waveforms recorded by IRIS-DMC and GEOFON broadband IA networks. Epicentral distances of all stations were less than 10˚. Moment tensor solutions of the events were calculated, along with simultaneous determination of centroid position. Joint analysis of hypocenter position, centroid position, and nodal planes produced clear outlines of the Sumatran fault planes. The preferable seismotectonic interpretation is that the events activated the SFZ at a depth of approximately 14-210 km, corresponding to the interplate Sumatran fault boundary. The identification of this seismic fault zone is significant to the investigation of seismic hazards in the region.
Introduction
Data from fifteen earthquakes (M w 4.1-6.4) occurring in the Sumatran Fault Zone (SFZ) and reported by IRIS-DMC and GEOFON IA local stations, were retrieved from websites http: //www.iris.edu/dms/wilber.htm and http://geofon.gfzpotsdam.de/geofon/new/_netabs/ia_req.html respectively, for study.
The selected events occurred along ten * E-mail: m_lazim@physics.its.ac.id segments of the SFZ from the 1st of December 2006, to the 1st of October 2009. The SFZ accommodates most of the right-lateral strain caused by relative slab movement and is considered to have been an active tectonic zone since the Mid-Miocene [1] .
The SFZ, which extends along the entire island of Sumatra, is partitioned into three segments, southern, central and northern, respectively. The fault zone is a thrust with a component of dextral movement. The SFZ probably dates to the Middle Miocene and the opening of the Andaman Sea, although the relative motions of the surrounding major plates have changed little since the Middle Eocene [2] . The SFZ runs the length of the Barisan
Mountains, a range of uplifted basement blocks, granitic intrusions, and Tertiary sediments, topped by TertiaryRecent volcanics. Studies of Mesozoic outcrops in central Sumatra suggest that the SFZ has a displacement of approximately 150 km in this area. However, outside the present active trace of the SFZ it is noted that strikeslip deformation is distributed over a geographically wider area.
Natawidjaya [2] divided the Sumatran fault into 19 segments, (Figure 1 ; Table 1 ). This nomenclature, inherited from numerous earlier studies, includes fault names derived from nearby cities, districts, basins, and rivers. Although this earlier study is the most detailed review of the SFZ segments, it did not address seismic moment tensors or the identification of fault planes for each segment.
This study presents the three-component waveform inversion analysis results of regional and local data for 15 seismic events, recorded by IRIS-DMC and GEOFON IA networks installed around the SFZ. The aim of this paper is to locate the earthquakes, analyze their focal mechanisms, and identify their fault planes, based on a combination of hypocenter relocations and moment tensor solutions, and with emphasis placed on the uncertainty in our estimations. For all events, moment tensor solutions also include calculation of the centroid position, the fault plane being the one of the two of nodal planes that passes through this centroid, namely the one containing the hypocenter.
Tectonic Context
The kinematic role of the SFZ is to accommodate a significant amount of strike-slip movement generated by the oblique convergence of the Australian-Indian and Eurasian plates [2] . As such, the SFZ is a trench-parallel strike-slip fault system that works in tandem with subduction zones to accommodate this obliquely convergent plate motion [3] .
Superimposed upon the broad sinusoidal geometry of the SFZ are more than a dozen discontinuities (Figure 1) , ranging from c. 5 to 12 km in width. Major changes in strike also occur locally. Most of the discontinuities are right steps in the fault trace, and thus represent dilatational step-overs; however, a few contractional bends also occur. Theoretically, these discontinuities and bends in the fault are large enough to influence the seismic behavior of the SFZ [2] .
Crustal deformation rates (1900-2000) estimated for the Sumatra arc region indicate large variations in dextral shear motion (seismic slip), ranging from 1-29 mm yr
along the SFZ. In addition, deformation is dominantly compressional, with deformation velocities as high as 19 mm yr −1 near the equator, along the offshore Sumatra fore-arc [4] . Combined analysis of historical triangulation and recent GPS measurements along the SFZ indicate slip rates of 23 to 24 mm yr −1 [5] . There is a general northward trend of increasing slip rate along the SFZ [6, 7] .
Figure 1.
Modified map of the geometrically defined segments of the SFZ, based on Natawidjaya [8] , also showing the ten segments of interest in this research (red squares).
Location
This study focuses on 15 events, listed in Table 2 . Location data for these events were determined using 28-32 stations from the IRIS-DMC and GFZ-Potsdam (GEO-FON) station networks. Picks of P and S-wave arrival times were made manually, and events were processed using the modified H (Haslinger)-S (Santosa) crustal model presented in Table 2 . The H-S crustal model is a combination of Haslinger at. al. [9] and Santosa [10] models, presented in Table 3 . This modified model was com- puted by trial and error, and tested and adjusted using standard criteria. Hypocenters were located using HY-POINVERSE code [10] , whereas RMS (root mean square residual), ERH (horizontal error), and ERZ (vertical error) computations [11] were used to select the best model exhibiting the smallest errors. Several tests were carried out to select the most appropriate 1-D location model, and to decide on the parameters that would lead to the most stable results [12] . Four 1-D crustal models (Tables 2 and 3) were employed: a modified H-S with its layer number modified to four layers with Vp/Vs = 1.76 km s −1 ; plus the H, T (Tselentis), and H-S models (Table 3) , taken from Haslinger et al. [9] , Tselentis et al. [13] , and Haslinger et al. [9] and Santosa [10] , respectively. The most suitable crustal model was chosen based on the standard formal RMS, ERH, and ERZ errors. In the beginning of the study, all four models were tested using the whole dataset of 15 events, a ratio Vp/Vs set at 1.76, and the trial ("starting") depth was set at 18 km. The results indicated that the modified H-S model was preferable as it led to the smallest error. The resulting locations calculated using this modified H-S model are listed in Table 4 . Another reason to prefer the modified H-S model comes from the stability test, calculated by varying the trial source depth (14, 16 , … km) using the HYPOINVERSE code, and observing its effect upon the location depth. Although rhe H-S model (Table 3 ) produced more stable results than either the H or T models, its stability was not as good as the modified H-S model (Table 2) , due to the large number of layers used in the H-S model. The T model produced the least stable results, due to the large number of layers and the relatively high velocities developed in the topmost layers; instability is related to head waves from intracrustal discontinuities. Conversely. the modified H-S model, with its low number of layers and relatively low velocities at the top, is the most stable. The H model is intermediate in its stability. This stability test is important for preventing unstable solutions, but cannot be used for optimizing the depth estimate [12] . By varying the trial depth, not only does the resulting hypocenter depth vary, but the resulting epicentre is also shifted. The horizontal and vertical positions move in such a way that the RMS misfit stays constant; therefore, none of the depths can be preferred. To test this, the values of the ratio Vp/Vs were varied (1.74, 1.75, 1.76, and 1.77), although the results showed that the modified H-S model was still the most appropriate for this study. Additionally, the modified H-S model with a Vp/Vs ratio value of 1.76 was considered the optimum combination. Therefore, to improve the depth estimate of the events, the following method was used. For each event, the HY-POINVERSE epicentre was kept fixed, and the depth was found by grid-search minimization of the travel-time resid-ual. This useful trick, which decouples the depth by fixing the epicenter, aims to overcome the unfavorable fact that the time residuals are affected much less by the depth variation than by the epicentre variation [12] , meaning that the depth resolution is low if both the depth and the horizontal position are retrieved. Moreover, the grid search is freed from limitations caused by linearization in the HYPOIN-VERSE code. Hypocenters calculated for the 15 events are listed in Table 4 .
Data Processing
Waveforms analyzed in this article were taken from seventeen regional broadband stations ( Figure 2 ) in two networks; namely five stations of the IRIS-DMC network, and twelve stations of the GEOFON network. The first-motion polarities were read from all broadband records, with close attention paid to the consistency of the three components in order to avoid erroneous orientation of the sensor, or problematic azimuths [14] .
The waveforms were processed using Seismic Analysis Code (SAC) software [15] , in which the instrument correction was initially removed on the selected seismograms. The moment tensor inversions were conducted in displacement, meaning that the velocity recordings were integrated once, and acceleration recordings twice, with all recordings filtered using a band pass of 0.015-0.09 Hz. Complete three-component waveforms were employed without separation of specific wave groups; these waveforms were resampled at all stations into 9567 points, with a time step of 0.04 sec. Waveforms were not shifted to artificially match the first arrival time, because a simple shift of the whole waveform is not the appropriate correction if the misfit comes from an inaccurate location or the local velocity structure at the station. The only case where such a shift might be acceptable is when the station timing is grossly wrong, say, by a few seconds. Such a situation can be detected by checking the location P residuals for all stations used in the moment tensor calculations. No such failure was detected during the course of this research.
Moment Tensors (MT)
Moment tensors of fifteen events were calculated using the waveform inversion of three-component broadband records derived from the of IRIS-DMC and GEOFON-IA networks. These networks belong to the Incorporated Research Institutions for Seismology and GFZ German Research Centre for Geosciences, respectively; more details on the present status of the networks and their stations can be found at their respective websites. Moment tensor calculations for this study were conducted using a 1-D crustal velocity model [9, 10] (Table 3) , with the stations (Figure 2 ), and frequency range (0.015-0.09 Hz) used varying for each event. The different filters used provide different signal-to-noise ratios, related to smaller magnitudes and different location and depths. Low frequencies were preferred in this case because the modeling is less dependent (inherently) on earth crustal structure. The ISOLA software used, which combines the computational speed of Fortran and the user friendly nature of Matlab [16] , makes use of the inverse-problem formulation [17] based on six elementary MTs. This equation is used to quickly evaluate the correlation between observed and synthetic waveforms; Green's functions are calculated using the discrete-wavenumber method [18, 19] . The match between the observed and best-fitting synthetic data is characterized by the overall variance reduction: 2 , and O and S stand for the observed and synthetic data. The code also allows for complex rupture histories, described by multiple point-source subevents, each one represented by a delta function [20] .
The three-component waveform inversion was calculated using an iterative deconvolution method [16, 20] , used for regional distances and implemented in the ISOLA software. Complete waveforms were used, without any separation of the body waves and surface waves, and were processed using the Fortran_Matlab ISOLA_GUI package. This code provides an opportunity to use a multisourcepoint model. In this study, focused on using single source and deviatorical inversion (without any volume changes). Deviatorical tensor decomposition commonly consists of two components -the double-couple (DC) part, and the compensated linear vector dipole (CLVD), a non-DC component. In this study, both components were determined, although the benefits of non-DC components as a physical parameter of tectonic earthquake are very limited because the available crustal model is only an approximation [20] .
An estimate of the source position is required for moment tensor calculations, and here we distinguish between hypocenter and centroid. The centroid represents the center of gravity in the faulted area, and can be determined during moment tensor retrieval as a point optimizing the waveform fit, found by grid-search around an assumed position. In the same way, a temporal grid search provides the centroid time. For large events, the hypocenter and centroid do not necessarily coincide.
The moment tensor calculations for the fifteen events were conducted using optimum source positions and time grid-searches in three stages using ISOLA software [21] . First, a 25-36 point grid stencil is created, centred below the IRIS-DMC or GEOFON epicentres at depths of 10, 30, …215 km, with 10-15 km increments both in the northsouth and east-west directions. For each event, three such stencils are placed at depths of 11, 30, and 60 km; at each depth, the moment tensor corresponding to the optimum time is highly variable in regards to the trial spatial positions, where the correlation has its maximum value. Second, the moment tensors are computed along a vertical line passing through the optimum position from the previous stage. Third, by fixing the optimum depth of the optimum position, a spatial-temporal search is conducted. The moment tensor calculations for all events use hypocenters calculated using the HYPOINVERSE code. As an example, Figure 3 shows the waveform-fit for the moment tensor solution of the 20070306_05:49:26_14 event, having M w =6.1; in this figure, the red waveform represents the synthetic, and black represents the observed data.
When comparing variance reduction and DC-percentage as result of the moment tensor calculations using the modified H-S (Table 2) , H [9] , H-S (Table 3) [9, 10] , and T crustal models [13] , it was found that moment tensor solutions using the H-S crustal model (Table 3) produced the largest variance reduction.
Fault Plane Determination
All events were also checked for the mutual position of the hypocenter (H) and centroid (C). The centroid position was determined by repeated calculations of the moment tensor in a volume grid of trial source positions close to the hypocenter, with an aim to optimize the fit between the observed and synthetic waveforms. This so-called hierarchic grid search [21] was applied using a progressively finer grid while approaching the likely centroid position. The optimum source positions (C) were identified at the locations shown in Table 6 . Due to the low-frequency nature of the MT waveform inversion, the centroid position cannot be resolved to an accuracy of better than a few kilometres [11, 19 ].
Earthquake source parameters were then used to identify the orientation of event's fault plane. To identify the true fault plane orientation, the H (Hypocenter)-C (Centroid) method was used [21] , with combined knowledge of the centroid position, MT solution (nodal planes), and hypocenter position key to identifying this fault plane. The nodal planes pass through C, with the fault plane corresponding to the plane that also passes through H. Although the idea is simple, its successful application needs great caution in the determination of H and C, and is hardly applicable at a routine processing level [12] .
If the hypocenter, centroid, and nodal planes are consistent, they enable the identification of which nodal plane is the fault plane. We present the results for the 15 events in Figure 4 , calculated using the procedure described above and the location (Table 4 ) and moment tensor data already presented in this paper ( Table 6 ). The hypocenters and centroid of all 15 events clearly prefer a high-dip fault plane (Table 5 ).
Results and Discussion
The SFZ carries most of the strike-slip movement caused by oblique convergence across the Sumatran plate boundary. Based on the results presented in this paper, ten of the studied events have strike-slip focal mechanism, 3 events have normal oblique strike-slip mechanisms, one event has oblique reverse movement, and one event has an oblique normal fault mechanism.
The location and focal mechanism for the 20081114_00:27:31.7_120 event suggests it occurred deep (120 km) on the Sunda segment of the SFZ (Figure 5) , with a centroid depth of 138 km (Table 6) , and was characterized by strike-slip motion. Our calculated focal mechanisms are in agreement with this geometry. The strike of this event ( Figure 5 ) aligns well with the fault line shown in Figure 1 , and the focal mechanism suggests a strike-slip component with fault plane components having 002˚strike, 84˚dip, and -156˚rake. West Sumatra lies on an oceanic-continental plate boundary consisting of two fault systems: the primarily dextral strike-slip Sumatran Fault Zone, and a predominantly dip-slip subduction interface [23, 25] . The structure of the Sumatra Fault Zone indicates that its sense is primarily strike-slip [25] . The structure is in good agreement with most focal mechanisms calculated from this study ( Figure 5 ). Bathymetric maps of the Sunda Strait, between Java and Sumatra, reveal that the southernmost portion of the Sumatran Fault Zone is associated with two prominent south-striking fault scarps on the seafloor [26, 27] . The large vertical displacements of the seafloor, and the orientation and location of the faults suggest that their sense of slip is normal and dextral. Focal mechanisms from a local seismic network, and the Harvard Centroid Moment Tensor (CMT) catalogue, show normal-fault mechanisms on the western side of the graben [28] . These parameters are in good agreement with our study along the Sunda segment ( Figure 5 ; Tables 5 and 6 ). The northwestern-most 15 km of the Kumering segment ( Figure 1) deviates westward from the trend seen in the rest of the segment, and forms part of a 10 km wide contractional jog. This portion of the segment displays a Figure 5 ), with a centroid location of 177 km (Table 6 ). The focal mechanism suggests oblique reverse motion ( Figure 5 ) with a fault plane component strike of 280˚, an 81˚dipping plane, and rake of 119˚. The strike agrees with earlier descriptions of Kumering local tectonics by Natawidjaya [2, 8] .
The fault plane of the 20080909_03:52:35_16 event, along the Manna segment, has a strike of 347˚, and a dip of 77˚ (Figure 4 ; Tables 5 and 6 ). This event is a strike-slip fault ( Figure 5 ) located at the depth of 16 km and nearly parallel to the mapped fault on Figure 1 . The 85 km fault segment deviates only a kilometre or two from being rectilinear, although there is some ambiguity near the terminations at either end ( Figure 1 ). The Manna segment appears discontinuous on plate tectonic maps because the trace is obscured on aerial photographs and topographic maps [2, 8] .
The 85 km long Ketaun segment consists mostly of a linear trace with several discontinuities and step-overs, each about a kilometre in dimension [29] . The segment's southern end coincides with a 6-8 km wide dilatational stepover onto the Musi segment. An inactive or less active continuation of the Ketaun segment may extend beneath the stratovolcanic edifice of Bukit Kaba. This possibility is suggested by the presence of a geomorphologically subducted fault southeast of the volcano and c. 25 km east of the central Musi segment [29] . The location and focal mechanism for the 20070914_13:07:53.4_63 event suggests it occurred on the Ketaun segment. The fault plane of this event has a strike of 339˚, and a dip of 86˚ (Figure 4 ; Tables 5 and 6), and is of strike-slip fault type (Figure 4 ).
The Dikit segment is 60 km long, with several short obscure sections along its northernmost few kilometres (Figure 1) . At its southeastern end, it shares a contractional step over with the Ketaun segment, and its northwestern termination is at one of the larger dilatational stepover segments along the Sumatran Fault Zone. On the southwestern flank of this 11 km wide step-over, the Dikit segment disappears into the edifice of the small stratovolcano Kunyit. This is one of the few associations of a dilatational step-over and a volcano clearly seen along the Sumatran Fault Zone [29] . The fault plane for the 20091001_01:52:34_16 event is located along the Dikit segment, and is a strike-slip fault with a strike of 149˚, and a dip of 48˚ (Figure 4 ; Tables 5 and 6 .
The Sumani segment produced the second of the two largest earthquakes in the Sumatran area with Mw = 7.4 [30] , which occurred on 9th June 1943 [2] . Shaking intensities indicate that the northwestern end of the fault rupture was beneath the lake. Eyewitness accounts suggested that right-lateral offsets up to 2 m occurred near the town of Solok, although only offsets to c. 1 m have been verified [2] ; analysis of geodetic data supports a metre or so of dextral slip [30] . The fault plane of the 20070812_09:40:18_171 event was strike-slip and occurred along the Sumani segment, with a strike of 145˚4 and a dip of 63˚ (Figure 4 ; Tables 5 and 6 ).
The Sianok segment is predominantly straight, having a continuous segment that extends c. 90 km from the northeast shore of Lake Singkarak, along the southwest flank of the great stratovolcano Merapi, and up to to a 10 km wide right step-over at the Equator [2] . Its southernmost 18 km, on the flank of Lake Singkarak, has an arcuate shape, and thus must have a significant normal component dipping down toward the lake. Geomorphic expression of the SFZ is particularly interesting along the Sianok segment because it traverses the flank of Merapi volcano and the young, 200 m thick pyroclastic flow deposit of Maninjou volcano [29] . In this study, we analyzed five events along this segment -a main shock and four aftershocks (Table 5) . Four events are strike-slip and one event exhibited normal oblique strike-slip motion ( Figure 5 ). (Table 6 ). Two nodal planes (red and green planes) passing through the centroid (LAT=0 and LON=0), both according to MT solutions presented in this paper, and the hypocenters (black stars are hypocenters from this paper (Table 4) , blue stars are hypocenters calculated by EMSC and BMKG-Indonesia). These are the favorable cases, as in each case the hypocenter occurs on one of the nodal planes (green planes), and thus indicates the fault plane.
The location and focal mechanism for the 20061217_21:39:17_33 event suggests it occurred on the Angkola segment. This was a shallow event (33 km), with a centroid location of 35 km (Table 6 ) and characterized by a strike-slip component. Again, this event and its strike line ( Figure 5 ) agrees well with the Angkola fault, shown in Figure 1 . The fault plane component strikes at 164˚, with a dip of 74˚, and a rake of -177˚ (Figure 4 ; Tables 5 and 6 ). The fault traces at Angkola display clear geomorphic evidence of strike-slip. The Angkola segment of the Sumatran Fault Zone produced the famous earthquake of 1892, during the establishment of the first primary triangulation network in the region [29] . Natawidjaja The geomorphic expression of the fault in the vicinity of the truncated caldera is unusually complex, with significant components of dip-slip occurring on faults that splay northward from the main trace into the caldera [2] . In this study, two events were analyzed from this segment, occurring on 20080519_14:26:45_18 and 20080519_14:49:20_17, representing one main shock and one aftershock having the same strike of 154˚; the main shock showed a dip of 79˚, whereas the aftershock had a dip of 74˚ (Table 6 ). Both events demonstrate strike-slip fault types ( Figure 5 ). Location and focal mechanism for these events suggest that both occurred on Toru segment.
The location and focal mechanism of the 20061201_03:58:21_210 event suggests that it occurred on Renun segment. The fault plane of this event, of a normal oblique fault type ( Figure 5 ), has a strike of 017˚and a dip of 89˚ (Figure 4 ; Tables 5 and 6 ). At 225 km long, the Renun segment is the longest segment of the Sumatran Fault Zone. Much of the Renun segment traverses the thick pyroclastic flow deposit along the western flank of the 80 km long Toba caldera. This 73 000 year old caldera is alleged to be the largest Quaternary caldera on Earth [29] . The regional expression of the Renun segment is linear, except for a dogleg along its northwestern-most 30 km, where the segment forms 
Conclusion
The regional moment tensor solutions calculated for the SFZ in this paper are shown in Figure 5 , along with focal mechanisms that represent the only double couple of moment tensors. The final dataset consists of ten events with strike-slip mechanism, three events with normal oblique strike-slip mechanisms, one event with oblique reverse motion, and one event with an oblique normal fault type.
The hypocenters of all fifteen events clearly show strikes that parallel Sumatra Island to be the fault plane with approximate depths of about 14-210 km. In this sense, these results support the hypothesis that the interplate boundary of the Sumatra Fault Zone plays the role of an active surface. 
